The End-of-Life (EOL) 
PCBs consist of three parts: a non-conducting substrate or laminate, conductive circuits printed on/inside the substrate, and the mounted components [1] . The three possible structures for PCBs are single-sided, double-sided, or multilayered. A PCB's physical property can be rigid, flexible, or rigid-flexible combined [2] . PCBs contain a variety of metals including precious metals (Au, Ag, and Pd) and base metals (Cu, Fe, Ni, and Sn) as well as toxic metals such as lead, mercury, antimony, cadmium, chromium, and beryllium [3] [4] [5] . On one hand, the precious and base metals plus large content of polymeric materials, result in high economic benefits for recycling. On the other hand, the toxic elements require complex procedures in the recycling processes to prevent environmental damage, which make the recycling process not only complicated but also more costly. So it is necessary to build a complete economic model for the whole PCB recycling processes to help the related companies identify various cost and revenue centers, then to optimize their EOL management process and acquire the most economic potentials.
The economic model for printed circuit board recycling makes use of activity based costing approach. The paper also emphasizes on the need to apportion direct and indirect costs accurately to each of the outputs generated after recycling PCBs. Energy computation for printed circuit boards recycling process is also illustrated in this paper.
PCB RECYCLING PROCESS:
The process of recycling printed circuit boards begins with the removal of mounted parts on the board. Some recyclers specialize in removing high-value components from printed circuit boards for resale to manufacturers or for reuse as spares. This is known as `pulling', since ICs sometimes have sockets from which they can literally be pulled, but more often pulling actually means desoldering components [6] . The next step in the process is that of pulverizing where in resulting powder is separated into metallic-rich powder and a glass fiber-resin powder using a separating process involving gravimetric and electrostatic separating methods. The metallic components of the printed circuit board are further processed to obtain individual metals. This process may involve many different techniques such as smelting, roasting, sweating and electro-refining. The common point in these approaches is that the metal is heated to high temperatures and the impurities are removed either by chemical reaction or by heat or may be converted into slag which rises to the surface of the molten metal. The recycling process is illustrated in figure 1.
Fig 1: General recycling process for PCB scraps

ECONOMIC MODEL
The economic model presented in this paper is divided into two sections, namely the cost model and the energy model. The process picked up for analysis in this paper is a typical and complete EOL management process which could be divided into seven stages (take-back, transportation, disassembly, testing, recycling, reverse logistics and waste disposal) for specific analysis. The costs associated with these stages are computed based on activity based methodology. The cost for each activity center is computed and is utilized in computing the total cost. In each activity center the costs are classified into direct and indirect costs. The revenues are calculated based on the products obtained after recycling. Multiple regression is used to establish the relationship between dependent and independent costs. The energy model is computed on the basis of the inputs to the process and identifying the kind of energy consumed at each stage.
Cost Model:
The cost model is based on activity based methodology. Activity based costing is a concept which can be adopted by any organization (PCB recyclers) to gain competitive advantage through greater understanding of product or service costs, process costs and the organization's overall cost behavior. Activity based costings basic premise is that a company's outputs (products and services) give rise to the need for activities and these activities in turn necessitate that costs be incurred in providing those activities. Activity based costing also assumes that one can only manage activities which incurs costs and not costs themselves. There are many definitions of activity based costing, but the one suitable for developing models is presented by Hicks. Hicks defines activity based costing as a concept around which an economic model of the business can be constructed that will provide accurate and relevant cost information necessary to support sound business decisions of all types [7] .
The framework which can be divided into the following four steps as shown in fig 2 is used to develop the cost model for the end of life management of printed circuit boards. Step 2: Congregate activities into activity centers or departments
Step 3: Identify the resource drivers and compute resource driver rate.
Step 4: Report the cost of activities and compute total cost.
Step1: Identify major players /stakeholders and study their activities.
Step1: There are 3 main stakeholders or players in the EOL management process of PCBs. They are the original equipment manufacturer who is responsible for the EOL products, the primary refiner and the secondary refiner who extracts materials from PCB scraps if the primary refiner lacks the expertise or sub contracts out the order. The cost model considers the whole gamut of operations and activities by these players as being performed by one company for purposes of simplification.
Step 2: All the activities performed in the EOL management stage are classified into seven different activity centers namely; Take Back, Transportation, Disassembly, Testing, Recycling, Reverse logistics and Waste disposal. An example of the activities which can be classified under these activity centers are as follows:
• Take Back: Consolidation of old equipment, initiating of purchase orders, accepting quotations, purchase of equipment, paper work, etc.
• Transportation: Physical shipment of the EOL products for recycling, loading, unloading, inventory maintenance, documentation and other such activities.
• Disassembly: Removal of integrated circuits, components, classification of different waste streams, taking samples for analysis, etc.
• Testing: Involves testing of integrated circuits which can be reused, or sampling of contents from printed circuit boards and preparation of test reports.
• Recycling: Involves activities which result in actual recycled products such as copper being obtained after processing of printed circuit boards, or plastics or fibers. This set of activities result in a physical output which can be sent to the market again.
• Reverse Logistics: Involves physical shipment of recycled products back to OEM or to the secondary market • Waste disposal: Activities involved in disposal of products which cannot be recycled, related documentation and procedures, etc.
Step 3: Resource drivers can be defined as the actual measures or quantification of resources used in the recycling of PCB's. An example of a resource driver would be number of labor hours, machine hour, occupied area or the number of people in a department. Each activity can have more than one resource driver. Resource drivers are important as they give a quantitative measure to the amount of resource consumed by a particular activity or a set of activities.
Step 4: The next step in the framework is to report the cost of activities. Each output of PCB recycling consumes varying amount of resources and this can be accurately measured using the resource drivers or cost drivers for a particular resource, which the activity makes use of. Also each activity center has a direct cost component and an indirect cost component. An example of a direct cost component is purchase of printed circuit board which falls under the take back activity center. An example of an indirect cost component is preparation of documentation which is necessary but does not directly contribute towards recycling of the boards. The costs of the activities in each of the activity centers are computed as shown below and the total cost is arrived at. For example, the cost of all the activities in take back activity center is expressed as Take Back Cost (C 1 ).
In all the above equations we can observe that the first component of the equation represents the direct cost component of the activity center and the second component is the indirect cost component of the activity center. These indirect cost components are necessary for the recycling process but do not contribute directly towards the recycling of the boards.
These indirect costs can further be allocated to the different outputs of the recycling of printed circuit boards based on the stage at which the output is obtained. For example, if we assume that copper is our primary recycling material and is obtained first and gold and silver are obtained later from electro refining purposes, we can then make the assumption that, later the stage at which a product is obtained, the greater amount of resources it consumes and hence a higher weight factor should be attributed to that product for assigning indirect costs.
The total cost of recycling a particular batch of PCBs with direct and indirect costs is given by: 
Mathematical Expression for Cost Model:
The mathematical expression aims to define the relationship between the total cost of recycling and the individual activity center costs. Only direct cost components are considered for defining the relationship. The basic assumptions are [8] :
• the regression equation is assumed to be a straight line as total cost is summation of independent costs.
• there are 2 types of variables-one dependent total cost and the other independent activity center costs; • determination of the regression equation is done using least squares method;
The objective equation is given by;
The normal equations are used to compute the coefficients a, b j , etc. They are as follows;
To ensure that there is a relationship between the dependent total cost variable and a particular independent variable, the value of b for that particular variable should significantly vary from 0-7803-8250-1/04/$20.00 © 2004 IEEE.
zero [9] . Testing of b coefficients using tests of hypothesis can be done to ensure this criterion. Linearity and the nature of the relationship between these variables can be established by this mathematical relationship. The mathematical relationship is used primarily to establish linear relationship between variables and also to predict estimates of total cost using historical data for analysis.
Energy Model:
The energy calculation for printed circuit board recycling is done by identifying the resources that go into the process. There are 3 main types of energy that is primarily consumed in the process namely, heat energy, electrical energy and external fuel energy.
The first step in the printed circuit board process is the removal of all integrated circuits and components mounted on the board and making the board bare. The components are mounted on the board through the use of through hole technology or surface mount technology. Both these processes make use of solder, which has lead content in it to fasten it on to the board. To remove the components, the solder needs to be melted. This consumes heat energy. The calculation for consumption of heat energy is as follows;
Heat Energy: After the board is made bare of all the components and the solder is removed, the next step in the process is the pulverization process. In this pulverization process, the boards are fed into a hopper and then into a shredder where in the board is reduced to particulate matter. The shredder consumes electricity and we can compute the energy at this process stage by knowing the power rating of the motor which drives the shredder. The electrical energy consumed by this process is given by, Electrical Energy:
Where n = number of batches over which the entire lot is shredded. T 1 = amount of time the shredding machine runs. P M1. = power rating of the motor which drives the shredder.
The next process is the separation of the metallic and non metallic components of the board. This process is done by means of gravity separation followed by electrostatic separation. Since the metallic particles are heavy and they are attracted to a charge, they separate out leaving the plastics and other non metallic components. This process also uses electrical energy as a rotor with high voltage is applied for electrostatic separation. The energy consumption for gravimetric and electrostatic separation are as follows;
Gravitational Energy:
Where M b = Mass of the boards V a = Velocity of the air input. n = number of batches.
Electrical Energy:
Where T 2 = amount of time the electrostatic separator runs/batch P M2 = power rating of the motor which drives the electrostatic separator. n = number of batches.
After the separation of the metallic and the non metallic elements take place, the metallic elements are then taken to the furnace for the extraction of the metallic components. The energy that is used in furnaces is heat energy which is generated by the exothermic reaction of oxygen with the constituent materials. The number of process steps, such as roasting, smelting, converting depends on the type of furnace used. Sometimes, the furnaces combine all these processes into a single process and sometimes it is not. The heat energy therefore can be computed by using the following formula; an electric potential is applied between the anode and the cathode and the pure copper gets deposited on the cathode. The energy consumed by this process is given by:
Where T 3 = amount of time the electrolysis runs/batch. P M3 = power rating of the source (AC or DC) which drives the electrolysis machine. n = number of batches.
The final and the total energy consumption by the process will be the summation of all the energies consumed at the individual process stages. 
The energy model is a process based approach and is computed on the basis of the energy consumption at each step of the process. The process under consideration is the traditional pyro (heat) or furnace based process. An analysis of energy consumption of the recycling process will help companies in identifying areas for improvement and making necessary changes into the process for efficient operations. The energy consumption is important as these costs are reflected in the over head expenses category of the company's balance sheet. An optimal way of making decisions about processes is to consider both cost of the process and its energy consumption.
CONCLUSION:
The economic model provides both cost and energy framework for PCB recycling companies to base their decisions and strategies on. The cost model illustrates activity based methodology of costing where in costs are apportioned based on the amount of consumption of resources. It provides an accurate estimate of the true cost of a particular process. The general recycling process of printed circuits boards is also illustrated in the paper. Energy consumption during PCB recycling process is also computed.
